A Phase I/II observer-blind, randomized, controlled trial evaluated the safety and immunogenicity of a dengue virus (DENV) vaccine candidate in healthy Thai infants (aged 12-15 months) without measurable pre-vaccination neutralizing antibodies to DENV and Japanese encephalitis virus. Fifty-one subjects received two doses of either DENV ( N = 34; four received 1/10th dose) or control vaccine ( N = 17; dose 1, live varicella; dose 2 , Haemophilus influenzae type b). After each vaccine dose, adverse events (AEs) were solicited for 21 days, and non-serious AEs were solicited for 30 days; serious AEs (SAEs) were recorded throughout the study. Laboratory safety assessments were performed at 10 and 30 days; neutralizing antibodies were measured at 30 days. The DENV vaccine was well-tolerated without any related SAEs. After the second dose, 85.7% of full-dose DENV vaccinees developed at least trivalent and 53.6% developed tetravalent neutralizing antibodies ≥ 1:10 to DENV (control group = 0%). This vaccine candidate, therefore, warrants continued development in this age group (NCT00322049; clinicaltrials.gov).
INTRODUCTION
Dengue is a febrile illness caused by one of four antigenically distinct dengue virus (DENV) serotypes (DENV-1, DENV-2, DENV-3, or DENV-4) of the family Flaviviridae and the genus Flavivirus . 1 DENV infection can lead to outcomes that include asymptomatic infection, a non-specific febrile illness, dengue fever, and the life-threatening dengue hemorrhagic fever (DHF). 2 People, particularly children, living in hyperendemic areas who have circulating antibody from an earlier DENV infection are at increased risk for severe disease (e.g., DHF) when subsequently infected by a heterotypic DENV serotype. This has been postulated to be primarily because of circulating, non-neutralizing, heterotypic antibody from a prior infection facilitating viral entry into target cells (macrophages and monocytes) causing an immune-based enhancement of disease. 3, 4 There are an estimated 36 million cases of dengue fever, 2.1 million cases of DHF, and 21,000 DENV related deaths annually. Approximately 3.6 billion people (55% of the global population) in 124 countries are at risk of DENV infection. 5 Thailand is endemic for all four serotypes; usually one or two serotypes predominate at any given time. 6 Prevention of dengue through vaccination is an important objective of the World Health Organization, 7 and it has gained the attention of national health authorities of most dengue-endemic countries. 8, 9 The Walter Reed Army Institute of Research (WRAIR) and GlaxoSmithKline Biologicals (GSK) have developed a live-attenuated tetravalent DENV vaccine candidate to protect children and adults against dengue. [10] [11] [12] The vaccine candidate comprises four monovalent live virus strains representing each of the four serotypes attenuated by serial passage in pri-mary dog kidney (PDK) cells ( Table 1 ) . A well-tolerated and immunogenic formulation of the DENV vaccine candidate was identified in a phase 2 trial conducted in US adult volunteers. 13 A similar formulation was tested in an open-label trial in seven flavivirus-naïve Thai children between the ages of 6 and 9 years. The vaccine was well -tolerated without serious adverse events (SAEs) or alert clinical laboratory values. Solicited symptoms were more frequent after dose 1; the symptoms occurring in at least four of seven subjects were pain, redness, and swelling at the injection site, headache, and temperature ≥ 37.5°C. Three subjects had DENV-4 vaccine viremia, in two cases associated with transient fever. Thirty days after dose 1, DENV-2 and DENV-4 responses predominated, with 50% of the cohort seroconverting to each type with geometric mean titers (GMTs) of 16 and 30, respectively. Thirty days after dose 2, 100% of the cohort had seroconverted to all DENV serotypes, with an observed boost in GMT for each DENV serotype (DENV-1, from less than 10 to 55; DENV-2, from 16 to 475; DENV-3, from 6 to 350; DENV-4, from 30 to 171). 12 Herein, we report the reactogenicity, safety and immunogenicity profile of the DENV vaccine candidate administered as two doses to flavivirus-naive Thai subjects aged 12 to 15 months. These subjects are being followed to assess long-term persistence of anti-DENV neutralizing antibodies and evaluate the safety and reactogenicity of a booster dose administered 3 years after primary vaccination (to be published separately).
MATERIALS AND METHODS

Study design.
This was a phase I/II randomized controlled trial to evaluate the safety and immunogenicity of two doses of live-attenuated tetravalent DENV vaccine administered on a 0-and 6-month schedule. Subjects were enrolled and randomized using a computer-generated sequence of vaccine assignments to receive either DENV or control vaccine in a 2:1 ratio. Vaccine assignments were concealed at the time of allocation; vaccines were administered so that subjects, parents, healthcare providers, data collectors, outcome adjudicators, and data analysts were blinded to their identity (i.e., there was observer blinding).
The study was conducted between February 29, 2004 and March 27, 2005 in accordance with Good Clinical Practice (GCP) guidelines, the provisions of the 1996 version of the Declaration of Helsinki, and both US and Thai regulations. The clinical protocol, subsequent protocol amendments, informed consent form, and other information that required pre-approval were reviewed and approved by the ethical review committees of the Royal Thai Army, the Thai Ministry of Public Health, and the US Army Office of the Surgeon General. The US Army and GSK monitored the conduct of the trial and the veracity of the data. A Thai independent data monitoring committee (IDMC) that included the Study Medical Monitor reviewed the adverse events (AEs). Written informed consent was obtained from each parent before the performance of any study-specific procedures .
Role of the sponsors. The study was designed by the US Army and GSK. Investigators from Phramongkutklao (PMK) Hospital and the Armed Forces Research Institute of Medical Sciences (AFRIMS) performed the study; Thai investigators collected the data. The US Army Medical Research and Materiel Command (USAMRMC), as the sponsor of this study, monitored and reported on subject safety. A GSK statistician analyzed the data according to a pre-specified and mutually approved plan. All the authors reviewed the manuscript and vouch for its accuracy and completeness. This study was funded by USAMRMC and GSK.
Study subjects. Parents of potential study subjects were briefed on the study details during well-baby check-ups at the Department of Pediatrics, PMK Hospital, Bangkok, Thailand. Subjects were considered for enrolment if their weight to height ratio was greater than the fifth percentile compared with the standards for similar gender and age of Thai children. 14 After parental written consent, subjects aged 12-15 months at dose 1 were screened as previously described. 12 After a review of medical history and physical examination (subjects were to be in good general health), screening tests included a complete blood count (CBC with white blood cell differential and platelet count), alanine aminotransferase (ALT), aspartate aminotransferase (AST), hepatitis B surface antigen, antibody to human immunodeficiency virus (HIV), and antibody to hepatitis C virus. Those with normal test results were further screened to exclude those with pre-existing antibody to DENV-1, -2, -3, or -4 or Japanese encephalitis virus (JEV) by hemagglutination inhibition (HAI) and 50% plaque reduction neutralization test (PRNT 50 ). Screening procedures were conducted 15-21 days before initial study vaccination.
Subjects were excluded from the study if they had received any vaccination within 30 days before or 30 days after any protocol-specified vaccine administration or measles-mumpsrubella (MMR) vaccination within 60 days before or 30 days after the first study vaccination. Other key exclusion criteria were history of varicella disease or invasive Haemophilus influenzae B (Hib) disease or previous vaccination against a flavivirus, varicella virus or with a booster dose of Hib during the second year of life.
Study cohorts. Sequential vaccinations of dose-escalating cohorts (cohorts A, B, and C) were planned with increasing numbers of subjects per cohort. To ensure the safety of subjects, an initial cohort of six infants was initially assigned to cohort A to receive either low-dose DENV vaccine or control vaccine. Fifteen and thirty infants were assigned, respectively, to cohorts B and C to receive either full-dose DENV vaccine or control vaccine. After administration of dose 1 for a given cohort, the 21-day post-dose 1 reactogenicity data were reviewed, preserving the blind, by the IDMC and the US Food and Drug Administration. Based on acceptable safety profiles, the IDMC permitted vaccinations of the following cohort.
Cohort A received a low-dose (one-tenth of full dose) DENV vaccine candidate ( N = 4) or control vaccine ( N = 2). Cohort B received full-dose DENV vaccine ( N = 10) or control vaccine ( N = 5). Cohort C received full-dose DENV vaccine ( N = 20) or control vaccine ( N = 10).
Vaccines. DENV vaccine candidate. The tetravalent DENV vaccine candidate was prepared before administration from rehydrated freeze-dried monovalent vaccines ( Table 1 ) that were mixed in equal volumes in a sterile glass vial for delivery of up to six doses. The monovalent vaccines were produced for each DENV serotype at the Salk Institute, Swiftwater, PA. 10 For the one-tenth dose, 1.0 mL full-dose preparation was diluted in 9.0 mL diluent of Eagle's Minimum Essential Medium. Each DENV vaccine dose was administered as a 1.0-mL subcutaneous injection by an unblinded vaccination team according to written procedures; these personnel also administered the control vaccines and did not participate in the evaluation of subjects thereafter. Quality control personnel and external observers monitored these processes.
Freeze-dried monovalent DENV vaccines were transported on dry ice from WRAIR, Silver Spring, MD to AFRIMS, Bangkok, Thailand, where they were stored at −70°C until reconstitution on the morning of vaccinations. All DENV vaccine preparations were held on ice through all dilution, reconstitution, and blending procedures to prepare the tetravalent vaccine. The monovalent vaccines were returned to −70°C storage immediately after blending to make the tetravalent vaccine. The tetravalent vaccines remained on ice until completion of vaccinations (< 8 hours from reconstitution); at that time, they were stored at −70°C.
All infants assigned to a given cohort were scheduled for vaccination over a 1-or 2-day period. Vaccination required formulation of tetravalent vaccine from lyophilized monovalent vaccines on eight occasions, including two occasions when additional 10-fold dilutions were conducted. On each of the days that the DENV vaccine was formulated, retained samples of tetravalent product were frozen at −70°C, subsequently transported to WRAIR on dry ice, and returned to −70°C storage until thawed for potency testing using an immunofocus assay (IFA) as previously described. 12 Control vaccines. Varicella ( Varilrix ; GSK, Rixensart, Belgium) and H. influenzae type B ( Hiberix ; GSK, Rixensart, Belgium) vaccines(0.5-mL dose vial) were used as control vaccines for DENV vaccine doses 1 and 2, respectively. Both were reconstituted and administered according to the prescribing information: the former by subcutaneous injection and the latter by intramuscular injection.
JEV vaccine. Two doses of JEV vaccine (inactivated Beijing strain; Thailand Government Pharmaceutical Organization, Bangkok, Thailand) were administered as 0.25-mL subcutaneous injections at study months 7 and 7.5 to all study subjects in accordance with national immunization recommendations.
AEs. Subjects were evaluated in person at 2, 4, 10, 14, 21, and 30 days after each DENV/control vaccination and by telephone at 1, 3, 5, 6, 7, 9, 13, and 18 days. During clinic visits, physical examinations included assessments for rash, conjunctival hemorrhage, conjunctival injection, mucosal hemorrhage, lymphadenopathy, hepatomegaly, and splenomegaly. Parents of study subjects recorded the axillary temperature, injection site and general symptoms on diary cards for 21 days after each DENV/control vaccination and for 7 days after each JEV vaccination. Injection site symptoms included pain, redness, and swelling; general symptoms included cough, decreased activity, drowsiness, irritability, loss of appetite, vomiting, and fever (axillary temperature ≥ 37.5°C). If the subject had a fever with axillary temperature ≥ 38°C or illness, parents were instructed to return for an evaluation. The intensities of AEs were scored. Grade 3 AEs were defined as those symptoms preventing normal daily activity, fever > 39°C, or solicited injection site reactions such as spontaneous pain (subject cries when limb is moved), swelling, or redness > 20 mm.
SAEs, defined as medically significant events, including those resulting in hospitalization, disability, or death, were recorded throughout the study. Non-SAEs were collected for 30 days after each DENV/control vaccination. Safety laboratory assessments (including absolute neutrophil count [ANC], platelet count [PLT], ALT, and AST) were performed on days 10 and 30 after DENV/control vaccinations and with parental permission if subjects presented with temperature elevations of ≥ 38°C; alert values were defined as shown in the footnote to Table 2 . 12 All laboratory, emergency room, outpatient clinic, and physician office visits unrelated to the study were recorded throughout the study.
Assays for immune response, viremia, and vaccine potency. Antibodies to DENV and JEV wild-type (Nakayama strain) and vaccine viruses were measured at screening in Bangkok using the AFRIMS PRNT 50 assay. Subsequently, antibody responses after DENV/control vaccine dose were measured on day 0 (before dose 1), day 10 (after dose 1), month 1 (after dose 1), month 6 (before dose 2), day 30 (after dose 2 and before administration of JEV vaccine dose 1), and 30 days after JEV vaccine dose 2 using a WRAIR PRNT assay. 12, 15 Each serum was screened initially at a dilution of 1:10 against all four dengue serotypes using wild-type strains (i.e., DENV-1 WP74, DENV-2 S16803, DENV-3 CH53489, and DENV-4 TVP360). Specimens that were neutralizing antibody-positive by virtue of showing a 50% or greater reduction in virus plaques were endpoint titered against the respective virus serotype. Subsequent serial PRNT testing was conducted at WRAIR using an attenuated JEV strain (SA14-14-2). Seroconversions for dengue and JEV were defined for each Alert value for ANC was < 1,000 cells/mm 3 . Alert value for PLT count was < 100,000 cells/mm 3 . Alert value for AST was > 2.5 times the upper limit of normal (i.e., > 142 U/L). Alert value for ALT was > 2.5 times the upper limit of normal (i.e., > 135 U/L). serotype as an increase in neutralizing antibody from less than 1:10 to greater than or equal to 1:10.
On day 10 after each DENV/control vaccination, regardless of symptoms, specimens were tested for dengue viremia using a nested dengue reverse transcriptase-polymerase chain reaction (RT-PCR). 16 At other times during the 21 days after each DENV/control vaccine dose, if subjects presented ill with fever (≥ 38°C), viremia testing was conducted if parental permission for additional venipuncture was obtained. DENV isolates were molecularly characterized to distinguish viremia induced by vaccine from that of natural infection. 12, 17 The AFRIMS DENV/JEV immunoglobulin M (IgM)/IgG enzyme-linked immunosorbent assay (ELISA) 18 was used to corroborate DENV infections. Viremia detected by RT-PCR was further characterized by quantitative RT-PCR (qRT-PCR) and quantitation of infectivity in inoculated Toxorhynchites splendens mosquitoes (a quantal response assay to determine 50% mosquito infectious doses per 1 mL [MID 50 /mL] of serum). Although the limit of detection (LOD) for the qRT-PCR is 5 RNA copies for DENV-1, -2, and -3 and 25 RNA copies for DENV-4, no LOD has been defined for the quantal response assay given its inherent biological variability. 3 Data analysis. All statistical analyses were performed using SAS software (version 8.2; SAS, Cary, NC). Safety analyses were performed on the per-protocol cohort and stratified by treatment cohort (cohorts A, B, and C and control) with the full-dose DENV vaccine groups (cohorts B and C) pooled.
The overall percentages of subjects reporting an AE after vaccine administration (21 days for solicited AEs after each DENV/control vaccination, 7 days for solicited AEs after JEV vaccination, and 30 days after any vaccine dose for spontaneously reported symptoms) were tabulated with exact 95% confidence intervals (CIs) by type of AE, intensity (any grade and grade 3), and relationship to vaccination. The verbatim reports of unsolicited symptoms were coded using matched Medical Dictionary for Regulatory Activities (MedDRA) 19 terms. All SAEs occurring during the study were listed for each treatment group. The proportion of subjects with abnormal physical examination findings detected up to 30 days after each DENV/control vaccination was tabulated with exact 95% CI.
The per-protocol cohort for immunogenicity included all evaluable subjects (i.e., those who met all eligibility criteria and complied with protocol-defined procedures with no elimination criteria during the study) for whom data concerning immunogenicity endpoint measures were available (subjects for whom assay results were available for at least one laboratory test after DENV vaccination). Seroconversion rates and geometric means of anti-DENV neutralizing antibody titer (GMTs with exact 95% CIs) for each DENV vaccine type were calculated for each vaccine dose. The seroconversion rate (with exact 95% CIs) of anti-JEV neutralizing antibody titer (assay uses the Nakayama JEV strain) was also calculated after JEV vaccine dose 2. The GMT calculations were performed by taking the anti-log of the mean of the log titer transformation; values less than 1:10 were coded as 5.0. The proportion of subjects with dengue viremia (10 days after vaccination) was tabulated for each DENV vaccine dose.
RESULTS
Study population.
Of 96 subjects screened, 15 were excluded, because they were flavivirus-antibody positive by either PRNT or HAI assays to DENV and/or JEV. The first 51 subjects meeting eligibility criteria were assigned sequentially to one of three cohorts. Their mean age was 13.6 months (range from 12 to 15 months), and 28 (55%) were males; the treatment groups were similar with respect to age. All subjects were included in the safety analysis. Two subjects were excluded from the per-protocol immunogenicity analysis. One subject in the cohort C control group relocated out of the study area after dose 1 and could not be contacted. Another subject in the cohort B DENV group was excluded from the per-protocol immunogenicity analysis because of developing wild-type DENV-4 infection after dose 1 (described below). This subject subsequently received dose 2.
DENV vaccine potency. The potency of the monovalent components of the administered vaccines was determined using blended tetravalent vaccine preparations retained from each of the DENV vaccination days. Differences among retained samples for any serotype were small, and the majority was consistent, with the known test error of log 0.3 focusforming units per 1 mL (FFU/mL) for this assay (data are shown for tetravalent vaccines only in Table 1 ; no important differences were observed for retains of monovalent vaccines used to blend the tetravalent products). The potencies for each DENV serotype in diluted vaccine administered to cohort A confirmed that the one-tenth dilution target was achieved. Importantly, there were no notable differences in potency of the DENV vaccine administered to cohorts B and C.
DENV vaccine safety. A diary card was completed and collected from the parents of all but two subjects (both control vaccinees) for all doses received: 99.5% and 98.5% compliance for returning diary cards in the DENV and control groups, respectively.
After dose 1, solicited local symptoms of redness and swelling appeared more frequently in the DENV full-dose group compared with control and low-dose DENV groups ( Table 3 ) . Redness typically lasted 1 day and never lasted longer than 3 days. There seemed to be no notable differences in injection site symptoms after dose 2.
There were no clinically important differences in reported general symptoms among groups other than irritability, which was more common in the one-tenth dose group after dose 1 and in the control group after dose 2 ( Table 4 ). Fever was the only symptom reported more frequently in the DENV full-dose group after dose 2 (53.3%) than dose 1 (26.7%). However, the incidence of fever after dose 2 in the control group was 50.0%. Grade 3 solicited general symptoms were uncommon.
A summary of reported fevers (≥ 38°C) within 21 days of DENV/control vaccination is provided in Table 5 . Of 20 DENV recipients who were febrile (≥ 38°C), four subjects were tested for dengue viremia, because no more probable alternative cause could be identified for their fevers; all four tested negative. One subject with fever outside the 21-day window after DENV/control vaccination (subject 18) tested positive for wild-type DENV-4 viremia by PCR and sequencing.
The most frequent physical examination finding during the 30-day follow-up period after each vaccine dose was lymphadenopathy (cervical, inguinal, or both), the prevalence of which did not increase from baseline and was similar between full-dose DENV vaccine and control vaccine groups. Lymphadenopathy in young children is a common but nonspecific finding. Neither hepatomegaly nor splenomegaly was reported. There were no reports of hemorrhage or conjunctival hemorrhage after any dose of the full-dose DENV vaccine. One subject in cohort A had a mucosal hemorrhage associated with trauma after dose 1 that was not attributed to vaccine. After dose 2, three full-dose DENV vaccinees (10%) had conjunctival injection as did one subject (5.9%) in the control group.
In the DENV full-dose group, six subjects (20%) had a rash after dose 1, and two subjects (6.7%) had a rash after dose 2.
In the control group ( N = 17 for dose 1; N = 16 for dose 2), one subject (5.9%) had a rash after dose 1 ( Varilrix ), and two subjects (12.5%) had a rash after dose 2 ( Hiberix ). In two subjects in the DENV full-dose vaccine group, rash was associated with fever after dose 1. One subject developed a rash with fever (temperature of 37.8°C on day 8 after vaccination), and another subject developed a generalized rash 11 days after vaccination with grade 3 fever (temperature of 40.2°C on day 5 after vaccination). There were four SAEs reported: one traumatic fracture of the left forearm (cohort B DENV vaccinee), two cases of acute gastroenteritis with febrile seizure that occurred approximately 5 months after dose 1 (both cohort C control vaccinees), and one case of viral gastritis with fever, vomiting, and dehydration 21 days after dose 1 (cohort C control vaccinee). None of the SAEs were attributed to vaccination by the investigator.
Six of thirty-four subjects in the DENV vaccine group (17.6%) and two of seventeen subjects in the control vaccine group had at least one alert laboratory value during the study period. Five instances were before vaccination with either dose 1 or dose 2 and thus, were unrelated to the study vaccine; all cases normalized during this trial or its extension. These findings are summarized in Table 2 . Only the findings for one subject (subject 12), summarized in the paragraph below, were considered to be both clinically significant and possibly related to the DENV vaccine candidate.
Subject number 12 in the cohort B DENV full-dose group exhibited varying transaminase elevations. AST/ALT levels were documented as follows: day 0 dose 1 (149/181 U/L), 10 days post-dose 1 (86/232 U/L) with return of AST/ALT to normal range by 30 days after dose 1; day 0 dose 2 (56/77 U/L), 10 days after the second dose (237/289) associated with an ANC of 672 cells/mm 3 and DENV-4 viremia ( Table 6 ). During the subsequent days, the subject had 1 day of fever and elevated levels of AST (highest recorded value of 648) and ALT (highest recorded value of 566 U/L); these values returned to normal by 30 days after dose 2. Retained serum from screening was tested for antibody to human herpes virus 6 (HHV-6) as well as other possible causes of elevated transaminases (parvovirus, leptospirosis, scrub typhus, Epstein-Barr, cytomegalovirus, hepatitis A virus, hepatitis B virus, and hepatitis C virus). These investigations only revealed an elevated IgG antibody titer (≥ 1:256) to HHV-6, both at the time of screening and at several time points during the study. Ultrasound of the liver and biliary system on day 23 after dose 2 was normal. A consulting hepatologist concluded that there was no evidence of any underlying liver disease and that, although non-specific transaminase elevations can be associated with many viral infections, given the temporal relationship of the elevations to administration of the live DENV vaccine, these liver enzyme elevations were probably DENV vaccine-induced. Case history of dengue fever after dose 1 of DENV vaccine. One subject in the cohort B DENV vaccine group experienced dengue fever caused by wild-type DENV-4 infection during the interval between doses 1 and 2. This subject had no detectable neutralizing antibodies to any DENV serotype 30 days postdose 1 ( Table 7 ) . Three months after Dose 1, the subject experienced fever (up to 39.2°C) for 3 days, flushed face, and generalized erythema accompanied by neutropenia (ANC of 762) but a normal platelet count (213,000). She remained at home. Her fever responded to acetaminophen; she remained active and playful. Her only symptoms or signs other than fever were loss of appetite for 1 week and a convalescent rash on the third day. Both parents and investigators deemed the illness as not severe. DENV-4 viremia was detected by RT-PCR; E-gene sequencing identified it as wild-type virus. Dengue IgM/IgG ELISA testing (positive cut-off ≥ 40 units) on 1-and 6-month samples after dose 1 revealed non-diagnostic levels of IgM but rising levels of IgG to DENV (0 to 52 units). A response limited to anti-DENV IgG after a DENV infec tion suggests that this subject was immunologically primed by vaccine dose 1 despite having no detectable neutralizing antibodies to any DENV serotype 30 days after vaccination. This was a case of breakthrough infection after an undetectable response to a single dose of DENV vaccine. The wild-type infection did not result in prolonged fever, plasma leakage, hemorrhage, or any other severe manifestation of dengue. This subject tolerated a second dose of DENV vaccine without difficulty.
DENV vaccine viremia. Circulating DENV RNA and viremia titers were assessed by nested RT-PCR and mosquito inoculation, respectively. Seven subjects, all of whom received DENV vaccine, were viremic on day 10 post-vaccination ( Table 6 ) with DENV-4 ( N = 5) or DENV-2 ( N = 2) viremia. All were asymptomatic. In four of five cases of DENV-4 viremia, the phylogeny based on the DENV envelope (E) gene's sequence indicated that the virus was of vaccine origin; in the other three cases, because no sequence analysis was feasible, the viruses were presumed to be of vaccine origin. There was positive correlation between the quantitation by molecular and biologic assays; they found a range of more than 5.0 between the minimum and maximum log viremia levels detected. Notably, even vaccine viremia (DENV-4) of log 7.9 per 1 mL did not cause illness.
Alignment of E-gene nucleotide sequences from four of five DENV-4 isolates showed one point mutation at nucleotide position 1,147, which corresponds to domain III. In synonymous substitution, the vaccine strain contained adenine at amino acid position 383, whereas viruses collected from subjects uniformly contained guanine.
Of 20 DENV recipients who were febrile (≥ 38°C) within 21 days of DENV/control vaccination, four subjects were bled for DENV PCR testing based on physician recommendation to safeguard subject safety, and parents agreed to the extra blood draw; all four PCRs were negative. One subject (subject 18) with fever outside the 21-day window (3 months after full-dose DENV-1 vaccination) had wild-type DENV-4 viremia ( Table 7 ) .
DENV vaccine immunogenicity. The PRNT 50 responses of subjects included in the per-protocol immunogenicity cohort by vaccination cohort are shown in Table 8 and summarized in Figure 1 . All subjects were flavivirus-naïve on day 0 predose 1 as indicated by lack of DENV and JEV neutralizing antibodies on day 0 and the absence of a secondary response detected by DENV IgM:IgG testing of serum specimens collected 30 days after DENV vaccine dose 1 (data not shown). One month after dose 1 dengue vaccination, 25% of subjects in the low-dose DENV group (one bivalent responder to DENV-2 and DENV-4) and 37.9% of the subjects in the full-dose DENV group were seropositive for DENV-2 and DENV-4 neutralizing antibodies (12 monovalent, 4 bivalent, and 1 trivalent responders). Recipients of control vaccines developed no measurable neutralizing antibodies to DENV during the study.
After the second DENV vaccination, subjects in the lowdose DENV group (cohort A) exhibited modest responses to DENV-2 and DENV-4 but almost no response to DENV-1 and no response to DENV-3. Among these four subjects, there was one monovalent, two bivalent, and one trivalent response 30 days after dose 2.
After the second DENV vaccination, subjects in the full-dose DENV group appeared to respond more vigorously than subjects receiving the low-dose DENV vaccine. Notably, subjects in cohort B appeared to exhibit better seroconversion rates ( N = 9, 11.1% trivalent and 89.9% tetravalent responses) than subjects in cohort C ( N = 14, 42.1% trivalent and 36.8% tetravalent responses; P = 0.02 by Fisher exact test for DENV-1). We elected to pool data for both cohorts despite this apparent heterogeneity, because between both cohorts, there was no significant difference in having at least trivalent seroconversion (100% versus 79%; P = 0.27 by Fisher exact test). Comparison of GMTs found no significant differences at day 30 postdoses 1 and 2, and investigation of vaccine potency (below) did not reveal a difference in the vaccines administered. The pooled seroconversion rates 30 days after dose 2 were 55.2% for DENV-1, 100% for DENV-2, 86.2% for DENV-3, and 96.4% for DENV-4 neutralizing antibodies ( Figure 2 ) with 1 monovalent, 3 bivalent, 9 trivalent, and 15 (53.6%) tetravalent responders (one subject's serum was of inadequate volume to test for antibodies to DENV-2; this subject had at least a bivalent response). In the pooled full-dose DENV vaccine groups, the highest GMT was to DENV-2 (239.6), and the next highest GMT was to DENV-4 (52.5); GMTs were lowest to DENV-3 (29.2) and DENV-1 (20.7). GMTs declined in the range of 1.6-to 1.8-fold over the next 45 days. At 1 year after DENV vaccine dose 2, the DENV-2 seropositivity rate remained > 90%, whereas the rates for the other three serotypes substantially declined.
JEV vaccine safety and immunogenicity. The administration of JEV vaccine as recommended by the Thai national immunization program allowed us to make a preliminary assessment of the impact of preceding DENV vaccination. There were no clinically important differences in the occurrence of injection site or solicited general symptoms Table 7 DENV neutralizing antibody titers for subject 18 who sustained dengue fever between DENV vaccine doses 1 and 2 and was eliminated from the per-protocol immunogenicity analysis after JEV vaccination between the DENV and control groups (data not shown). Thirty days after the second dose of JEV vaccine (given 1 and 1.5 months after dose 2 of DENV/control vaccine), 9 of 28 (32.1%) in the full-dose DENV vaccine group, 4 of 4 (100%) in the low-dose DENV vaccine group, and 9 of 16 (56.3%) in the control group had JEV antibodies titers ≥ 1:10. Respectively, the GMTs were 12.4, 19.3, and 16.8. Although use of the heterologous Nakayama JEV strain in the PRNT assay may have modestly underestimated immunogenicity, the differences among groups were not statistically significant ( P > 0.05).
DISCUSSION
We observed in this pilot study that the WRAIR/GSK tetravalent DENV vaccine candidate, when administered as two doses over 6 months to flavivirus-naive infants 12 to 15 months of age, was well-tolerated and moderately immunogenic. We considered this age range as the earliest time point to elicit a potentially protective immune response unmodified by anti-DENV maternal antibodies, which have been determined to wane by 12 months of age. 20 The study used sequential escalation of dose and cohort size to minimize risk to subjects. Before advancing to a subsequent cohort, safety data from the preceding cohort were reviewed by an IDMC. There were no safety issues that affected conduct of the study. The study compliance rate was high with > 98% of GMTs calculated on all subjects. PI(M1) = blood sampling 1 month after dose 1 at study month 1; PII(M7) = blood sampling 1 month after dose 2 at study month 7; N = number of subjects with available data; Dil = dilution; n /% = number/percentage of subjects with titer within the specified range; 95% CI = 95% confidence interval; LL = lower limit; UL = upper limit; UD = undetectable level. participants returning the diary cards after vaccination; 96% were included in the per-protocol immunogenicity analysis.
The full-dose DENV vaccine was well-tolerated; its overall safety profile was similar to that of the control vaccines that were both live and inactivated. The low-dose DENV vaccine did not confer any safety advantages compared with the fulldose DENV vaccine. There were no DENV vaccine-related SAEs reported during the study. Mild to moderate injection site redness was the most frequently reported solicited local reaction after DENV vaccination. General symptom reporting was similar from doses 1 to 2, except for elevated temperature, which was reported more frequently after dose 2.
Physical examination of subjects did not detect findings indicative of overt DENV infection except for rash in a minority of subjects, some of whom had transient fever. One subject who developed a generalized rash 11 days after dose 1 also had grade 3 fever (that lasted for 1 day).
One subject had evidence of transient and asymptomatic liver injury manifested as an increase in AST and ALT (with an elevated AST and ALT before dose 1) in the immediate post-vaccination periods. The evidence of injury was most notable after dose 2 and was associated with detection of low-level DENV-4 viremia. Timing of the injury suggests association with the vaccine; future studies should assess this phenomenon.
One subject developed dengue fever because of natural infection with DENV-4 approximately 3 months after dose 1 of full-dose DENV vaccine. The subject was immunologically primed by vaccine dose 1 (secondary antibody response to wild-type DENV infection) despite no detection of neutralizing antibodies to any DENV serotype 30 days post-dose 1. Although the vaccine-related priming did not prevent dengue fever, we cannot know whether it altered the ultimate severity of the illness. However, the subject did not experience prolonged fever, plasma leakage, hemorrhage, or other hallmarks of severe dengue.
All subjects were evaluated for viremia on day 10 after vaccinations, as this is the most likely time point for vaccinerelated viremia. Additionally, blood was drawn from four febrile subjects within 21 days of each DENV/control vaccination. The investigators acknowledge that practical considerations limiting more frequent venipunctures in infants invariably led to an underestimate of the true occurrence of dengue viremia in DENV vaccine recipients. Asymptomatic viremia caused by DENV-4 and DENV-2, measured on day 10 after the full-vaccine dose, appeared in seven subjects: five after dose 1 (three DENV-4 and two DENV-2) and two after dose 2 (DENV-4). Four of five instances of DENV-4 viremias were determined to be caused by vaccine viruses according to phylogenetic analyses; presumably, the low virus titers for the fifth DENV-4 instance and the two DENV-2 instances precluded molecular assessment of phylogeny. This viremia experience is consistent with that reported in older Thai children receiving the DENV vaccine candidate. 12 Molecular analyses of four DENV-4 vaccine viremia isolates recovered at sufficient titer to permit consensus sequence analysis revealed a consistent amino acid change, among others, at amino acid position 383 in domain III of the E-genome identical to that observed in three subjects in our first pediatric trial. 12 In our cumulative pediatric experience, despite levels of viremia ranging from 4.2 to 7.9 log genome equivalents per 1 mL, the subjects were not ill with dengue. In response to these vigorous infections, the four subjects developed neutralizing antibodies to DENV-4 that exceeded the GMT for the full-dose vaccine group as a whole. No further analysis of these viremia isolates was performed, and we do not know whether this E383 variant existed at a low level as a quasispecies in the uncloned virus seed used to prepare the vaccine. Nevertheless, this question is less relevant for future development of this vaccine candidate, because the virus seeds have been rederived by transfection of purified RNA to enhance their characterization. In recently completed clinical trials of the vaccine candidate made with the post-transfection seeds, DENV-4 viremia occurred uncommonly (two instances in 122 adult subjects) and at low levels (1.7 and 2.1 log genome equivalents per 1 mL), despite frequent sampling (Thomas SJ, personal communication).
Of the seven viremias, all were positive by nested PCR. One viremia (subject 12) was positive by the nested PCR but not by qRT-PCR and mosquito inoculation. Although this may represent artifact, our previous experience suggests that the nested PCR is more sensitive than qRT-PCR for DENV-4 alone. 17 Consequently, this likely represents a very low-grade viremia.
Of interest and consistent with previous studies, DENV-4 vaccine viremias were uniformly higher than DENV-2 viremias.
Low-dose DENV vaccine administered to only four subjects (cohort A) was well-tolerated but seemed to offer reduced immunogenicity, suggesting that reductions in vaccine potency to levels administered to cohort A may provide ineffective immunization.
The full-dose DENV vaccine given two times, 6 months apart, elicited either trivalent or tetravalent seroconversions in 85.7% of vaccinees at 30 days after the second dose. We observed a possible cohort effect between cohorts B and C; immune responses especially to DENV-1 appeared to be reduced in cohort C compared with those responses in cohort B ( Figure 1 ). DENV vaccine potency measured by IFA was consistently within the expected range for all serotypes. All subjects were flavivirus-naive based on both the HAI and PRNT 50 assays against DENV and JE virus conducted at screening and the PRNT 50 assay on the day that vaccine dose 1 was administered. Demographic differences, mean subject ages (13.3 versus 13.6 months, respectively), and differences in maternal breastfeeding (on retrospective questioning) could not explain the cohort effect between cohorts B and C. Possible explanations include (1) variability in the PRNT assay, (2) chance variation for one endpoint among many tested with no correction for multiplicity, (3) uncertainty inherent with the use of small group sizes, and (4) undefined host differences between cohorts.
Despite the potential heterogeneity between cohorts B and C, we believe that the presentation of pooled data is justified for an exploratory study. The immunogenicity elicited was generally consistent with that determined in prior studies with flavivirus-naive adults and children (i.e., tetravalent neutralizing antibodies in 88-100% of vaccine recipients with strong immune responses to DENV-2 and DENV-4 components and lower responses to DENV-1 and DENV-3 components). 12 Immune responses were highest 30 days after dose 2 and decreased less than twofold in the next 45 days. By 1 year after dose 2, we observed a notable decrease in seropositivity rates for neutralizing antibodies to all DENV serotypes except DENV-2. The drop in seroconversions to DENV-4, despite evidence of DENV-4 replication (multiple day 10 viremias), suggests that these 1-year seroconversions underestimate the homotypic DENV-4 immunity elicited by live virus vaccinations. Live virus vaccination likely evokes broad-based antigenic priming to the full complement of structural and non-structural proteins, resulting in a memory response upon subsequent exposure to wild-type dengue viruses, regardless of serotype. Long-term persistence of anti-DENV neutralizing antibodies in this cohort is being evaluated further and will be reported separately. The impact of declining levels of neutralizing antibodies on protective immunity is uncertain, but it may reflect reduced immunity, as described below.
The measure of immunogenicity used in this clinical trial was the PRNT, which measures the ability of serum immunoglobulin to neutralize the infectivity of a virus inoculum in vitro by binding to surface proteins of the DENV, principally the envelope protein. Although there are serotype-specific epitopes on the envelope protein, there are also more immunodominant, broadly reactive epitopes as well. Given the lack of PRNT serotype specificity, it is impossible using only this test to confirm that all four viruses in the vaccine replicated to a degree adequate to elicit a protective immune response. Moreover, any inference of protection based on a serum neutralizing antibody response is unreliable, because the minimum level of neutralizing antibody correlated with protection from disease is unknown. However, it is reasonable to postulate that the risk of breakthrough disease in an immunized individual is proportional to the level of homotypic neutralizing antibody induced shortly after live virus vaccination, because the neutralizing antibody response is presumably correlating with the total adaptive immune response, including all humoral and cellular mechanisms. Thus, higher levels of neutralizing antibody 1 month after live virus vaccination portend better protection than lower levels. It is possible that the presence of detectable neutralizing antibody to a given DENV serotype 6 to 12 months after vaccination may be a more specific indicator of the induction of homologous protective immunity compared with that detected 1 month after vaccination, because maturation of the adaptive immune response preserves production of the highest affinity antibodies by long-lived plasma cells in the bone marrow. Nevertheless, the increased specificity of this late antibody readout is speculative and also likely increases the proportion of vaccine recipients judged falsely to be non-responders. These uncertainties regarding the correlation of the acute post-vaccination antibody response to longterm protection highlight the importance of evaluating the durability of long-term protective effect of vaccination based on clinical endpoints during the development of any DENV vaccine candidate.
All participants received a first dose of inactivated JEV vaccine at 19 to 22 months of age in accordance with the Thai national immunization program. To minimize the risk of Japanese encephalitis, subjects were asked not to travel outside of Bangkok, a low-risk area for JEV transmission, before receiving JEV vaccination. Prior receipt of DENV vaccine did not seem to influence the reactogenicity of JEV vaccine, but the seroconversion rate and GMTs achieved after two JEV vaccine doses seemed to be reduced in recipients of the full-dose DENV vaccine. Although not achieving statistical significance, these findings should be further evaluated in subsequent studies of any DENV vaccine candidate intended for infants in countries where both DENV and JEV cocirculate and where JEV vaccination is recommended.
The safety and reactogenicity results from this study support development of the vaccine candidate in the 12-to 15-month age group. Vaccination at this early age has potential advantages in reducing the overall pediatric disease burden and preventing secondary transmission within the household.
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